Hyphal cells of three fungal species of the genus Penicilium reduced the nonpermeable, external electron acceptor hexabromoiridate IV (HBI IV). In Penicillium cyclopium, the rate of HBI IV reduction by hyphal cells was drastically increased by the addition of ,B-glucose. The stimulation showed high specificity for this sugar and did not require its uptake and cellular metabolism. Cell wall oxidases (e.g., glucose oxidase) did not seem to be involved in the reduction of HBI IV, as no measurable H202 was formed from added glucose and removal of oxygen had no effect. We propose that there is a glucose-binding component outside the plasma membrane which controls transmembrane electron fluxes in response to external glucose. Reduction of HBI IV was accompanied by rapid acidification of the cellular interior (measured by confocal pH topography). Subsequently, the outer medium was acidified with an e-/H+ stoichiometry of >1. In plasma membrane vesicles containing endogenous electron donors, the membrane-residing fluoroprobe Di-8-ANEPPS reported a transient depolarization of the membrane potential triggered by the external electron acceptor. Inhibitors of ATP-dependent proton pumping enhanced the extent of this depolarization, inhibited the subsequent normalization of membrane potential, and, in whole cells, reduced the amount of redox-triggered proton extrusion. From these and other findings, it is concluded that the observed trans-plasma membrane redox process activates the H+-ATPase via membrane depolarization and cytosolic acidification.
During the last decade, the existence of electron transfer activities across the plasma membrane (PM) in cells of many plant species has been elucidated, usually by the reduction of artificial extracellular electron acceptors. Various physiological processes have been suggested to be linked to these redox systems, e.g., nutrient and ion transport, cellular signalling, and detoxification of reactive oxygen species (see references 6, 17, and 26 for recent reviews), although the coupling mechanisms are not yet generally understood. Open questions remain, especially with respect to the mode and sites of cellular control over the electron flow. Such knowledge would be informative about the regulatory abilities and physiological functions of the PM redox systems.
Fungal cells, with the exception of the yeast Saccharomyces cerevisiae (33, 34) , have hitherto escaped the interest of investigators of PM redox systems. Filamentous fungi offer the advantage of a eukaryotic cell type with a less complex structure and specialization than most plant cells and the ability to specifically adapt to a very broad range of extracellular conditions. The present paper reports the existence of PM redox systems in three species of filamentous fungi of the genus Penicillium. In Penicillium cyclopium, there are some similarities to the PM redox systems of higher plants but also a novel regulatory effect exerted by extracellular glucose.
MATERUILS AND METHODS
Organisms and culture conditions. Submerged batch cultures of P. cyclopium SM72a and of Penicillium purpurogenum 20 -ml portions were treated with a glass homogenizer (Braun, Melsungen, Germany) for ca. 30 s at 4°C and centrifuged at 4°C in three steps: 10 min at 5,000 X g, then the supernatant for 20 min at 10,000 x g, and finally the supernatant for 60 min at 45,000 x g (Beckman rotor TLA 100.4). The resulting crude vesicle pellet was resuspended in 20 ml of phosphate buffer at S mmol/liter (pH 7.5) with 0.3 mol of sucrose per liter and subjected to polyethylene glycol-dextran two-phase distribution at 4°C (method of Larsson et al. [15] as modified by Ugalde et al. [30] ).
Preparation of protoplasts. After 48 h of growth, hyphal cells were filtered on a nylon mesh and resuspended (10 mg [filtered wet weight] per ml) in a digestion mixture containing (per liter) 50 mmol of sodium maleate buffer (pH 4.5), 0.1 mol of NaCl, 0.3 mol of Na2SO4, 10 mmol of CaCl2, and 10 mmol of MgCl2 plus 2 mg of Novozyme (Sigma) per ml. After 4 h of incubation at 24°C, protoplasts were separated from the medium and purified by flotation in a stepped sucrose-sorbitol density gradient as described earlier (25) .
Reduction of HBI IV. dure averaged signals from eight frames in order to reduce noise. Image acquisition began immediately before and 20 s and 1, 2, 4, and 6 min after injection of HBI IV. The resulting pairs of images were saved on hard disk.
(iii) Image processing. From each image, the nonspecific signal background (measured with dye-free cells) was subtracted (usually less than 2% of the average signal, if any). Then the intensity quotient (channel 2/channel 1) was calculated for each individual pixel, giving an image ratio with intensities related to the actual pH. This image was color coded with a self-defined look-up table comprising 255 colors.
(iv) Calibration. The relationship between the measured quotients of fluorescence intensities and the pH was deter- Table 1 .
Control experiments showed that the method is able to indicate cellular pH changes caused by the addition of permeable acids, e.g., 2 mmol of trifluoroacetic acid per liter.
Fading of fluorescence usually caused a loss of signal intensity of less than 10% over five consecutive scans. This decrease did not, however, measurably influence the fluorescence quotients, and hence the pH maps, as both channel images were acquired in parallel at the same time.
(v) Resolution of pH maps. In the pH range between 7.4 and 5432 PONITZ AND ROOS [U-14C]glucose was used at a final concentration of 2 mmol/liter (0.5 kBq/ml). The cell pellet was immersed in 1 ml of 0.5% cetyltrimethylammonium bromide solution, gently shaken overnight, and centrifuged (5,000 x g, 10 min) and the radioactivity in 500 pL1 of the supernatant was counted by liquid scintillation.
Reagents. Carboxy-SNARF1 and Di-8-ANEPPS were purchased from Molecular Probes, Eugene, Oreg.; sodium HBI IV was from Johnson Matthes; fusicoccin, carbonylcyanide m-chlorophenylhydrazone, and lucigenin were from Sigma; and oxone (2KHSO5XKHSO4XK2SO4) was from Aldrich.
Test kits for the determination of ATP (luciferin-luciferase) and NAD(P)H [NAD(P)H:FMN-oxidoreductase-luciferase] were obtained from Boehringer. All buffers and sugars used were of analytical grade.
RESULTS
External HBI IV as an electron acceptor. The HBI IV anion, which was introduced by Luthje and Bottger (16) Methods) and protoplasts ( Table 2) . After the complete disappearance of HBI IV (A585), the filtered cell-free culture medium could be titrated with oxone (potassium peroxomonosulfate) to restore 98% of the original optical density. Thus, the reduced acceptor remained in the outer medium, and intracellular accumulation, absorption, or irreversible conversion of HBI IV by cellular constituents was negligible. These findings, like similar results reported for maize roots (16) , indicate that HBI IV is reduced at the external surface of the PM.
HBI IV could be replaced by ferricyanide (1 mmol/liter) with similar results, e.g., stimulation by glucose (Fig. 1 ), but at a lower rate and, because of the lower extinction coefficient, lower accuracy of detection. Another reason for preferring HBI IV over ferricyanide was the reported liberation of traces of cyanide from the latter compound (16) .
Stimulation of redox activity by external glucose. In carbohydrate-free solutions, hyphal cells of P. cyclopium reduced external HBI IV at a relatively slow rate; this activity was drastically stimulated by glucose at a half-saturating concentration of 2.1 mmol/liter. The stimulation showed no detectable lag phase and disappeared immediately upon withdrawal of glucose (Fig. 1) . The redox stimulation showed high specificity, with a preference for 3-D-glucose and closely related molecules (Table 3) . Several other sugars (such as fructose) and amino acids showed no stimulating activity. It is also shown in Table 3 b In order to minimize the influence of mutarotation, these sugars were dissolved immediately before addition.
blocked glucose uptake (as they do other active transports [24] ) with little effect on redox stimulation. Likewise, inhibition of glucose transport by a-methylglucoside or 3-0-methylglucoside (sugars which do not affect redox activity; see above) left the redox-stimulating effect of glucose unchanged (Table 4) . The half-saturating concentration for the uptake of glucose was ca. 0.3 mmol/liter (data not shown), compared with 2.1 mmol/liter for its redox-stimulating effect (Fig. 1) . Second, as our cells were grown on sucrose (see Materials and Methods), the cell wall invertase is induced to high activities. As a consequence, addition of sucrose increases the availability of intracellular glucose because of the combined activities of invertase and glucose uptake, with little or no increase in extracellular glucose (25a) . Nevertheless, sucrose neither stimulated the redox process nor influenced the stimulation exerted by the subsequent addition of external glucose (Table 3) . Together, these results suggest that the uptake and intracellular availability of glucose are not required for its stimulatory effect but rather that external glucose directly affects the PM redox process. Most probably, the reduction of HBI IV requires trans-PM transfer of electrons supplied by the oxidation of endogenous carbohydrates (see also below).
By contrast with the above studies with whole cells, the (relatively high) redox activity of hyphal protoplasts and of PM vesicles was not stimulated by external glucose (Table 2) . Thus, the glucose effect might involve some putative glucose-binding site which is lost or inactivated by protoplasting or by the preparation of PM vesicles. This component might inhibit the electron transfer in the absence of glucose.
The stimulatory influence of glucose on the reduction of extracellular HBI IV by hyphal cells was also seen with other Penicillium species, although it was less pronounced than with P. cyclopium ( Table 2) .
Is glucose oxidase involved in the redox process? Glucose oxidase has been found in culture filtrates of several species of Penicillium and is considered to be a specific marker of this genus (13, 19) . It catalyzes the oxidation of glucose by oxygen to yield gluconolactone and hydrogen peroxide, which in principle can reduce HBI IV (see below). The substrate specificity of the enzyme from Penicillium notatum is comparable to that of the PM redox stimulation in P. cyclopium (compare the relative velocities of the P. notatum enzyme [a-D-glucose, 1.00; 2-deoxy-D-glucose, 0.25; 6-methyl-D-glucose, 0.02; D-mannose, 0.01; and D-xylose, 0.01 (3)] with the data in Table 3 ). In our strain of P. cyclopium, glucose oxidase activity (measured as H202 production after addition of P-Dglucose) is detectable only in the culture filtrate (with a specificity comparable to that cited above for P. notatum). However, no measurable glucose-dependent generation of H202 was found in the washed mycelia used for the present studies, even after a 60-min incubation. The catalase activity of the hyphal cells themselves would not have destroyed a substantial portion of H202 had it been an intermediate: 1 ml of the experimental cell suspension converts ca. 2 nmol of H202 per min from 30 nmol added. Furthermore, a rather high concentration, 10-4 mol/liter, of H202 was required to cause a measurable reduction of HBI IV in our cell suspensions, and addition of catalase (>50 U/ml) did not significantly decrease the rate of HBI IV reduction triggered by glucose. Hence, the involvement of hydrogen peroxide in the glucose-stimulated redox process is excluded. More generally, a direct involvement of any oxygen-dependent reaction in the reduction of HBI IV is very unlikely because anaerobiosis had no immediate effect (Fig. 2) . Only prolonged anaerobiosis (1 h, Fig. 2 ) caused a decrease in PM redox activity to ca. 50%. This decrease parallels a decrease in the ATP level and hence is likely a secondary effect, e.g., through the supply of NAD(P)H via the oxidative pentose phosphate cycle (28) .
Since glucose oxidase can use a variety of alternative electron acceptors, such as 2,6-dichlorophenol, indophenol, various quinones, and ferricyanide (14), it was not surprising to find some glucose-triggered reduction of HBI IV in the culture filtrate of P. cyclopium. However, the washed cells catalyzed this reaction, if at all, at a rate far below the rate of HBI IV reduction: in a typical experiment, addition of 1.8 ,umol of glucose per ml to a cell suspension (ca. 200 ,ug of protein per ml) with 0.65 ,umol of HBI IV per ml caused the reduction of 0.50 ,umol of HBI IV per ml in 20 min (this figure is corrected for the slow conversion of HBI IV by glucose-free suspensions). During this time, the glucose concentration (determined enzymatically with glucose oxidase plus peroxidase PM redox activity and proton secretion. The reduction of HBI IV was paralleled by a decrease in the external pH, and both processes were stimulated by glucose (Fig. 3) . The H+/eratio (deduced from the measured ApH and the amount of reduced HBI IV) was close to H+-ATPase, we tested several agents affecting the ATP level (Table 5) . Thus, pretreatment with azide, DCCD, or fluoride (or cyanide [not shown]) substantially decreased the cellular ATP content and also subsequent HBI IV-induced acidification but had little or no effect on the redox reaction (Table 5 ).
Other pretreatments caused increases in the ATP content of hyphal cells (antimycin, NH4C1, and fusicoccin) (Table 5 ). For antimycin, this was associated with an increase in HBI IVinduced proton export. NH4Cl and fusicoccin did not stimulate HBI IV-induced acidification but enhanced redox-independent proton export. This is not unexpected, as both of these compounds are likely to stimulate the activity of the PM H+-ATPase. In P. cyclopium, uptake of NH4' has been shown to be tightly coupled to the export of protons via charge compensation (24) , and fusicoccin, a fungal phytotoxin, is known to stimulate the activity of the PM H+-ATPase of plant cells (1, 5) (effects on fungal cells have not yet been reported).
Total proton export (HBI IV dependent plus HBI IV independent) was the same for all three compounds, as if, after previous stimulation of the H+-ATPase, no further acidification could be triggered by HBI IV. In summary, it appears that the PM redox process can contribute significantly to total proton export but only within the frame set by the maximum activity of the proton-pumping PM ATPase. To (Fig. 4) , the probe reported significant acidification, especially during the initial FIG. 4 . pH maps of hyphal cells of . cyclopium under the influence of HBI IV. Intracellular pH topography was determined with the pH probe carboxy-SNARF1 by confocal fluorescence microscopy as described in the text. Times refer to the time after addition of HBI IV, which was done immediately after scanning of the first picture (time zero) was completed. Some cytosolic and vacuolar areas are marked c and v, respectively. phase of HBI IV reduction. The pH decrease clearly visible 20 s after addition of HBI IV started at the peripheral parts of the cell. The maximum decline was typically observed after 2 to 3 min and was followed by a renormalization towards the original pH distribution. It appears therefore that the intracellular proton concentration increases before external acidification has reached its maximum rate (which is usually seen 2 to 3 min after the addition of HBI IV plus glucose; Fig. 3 ). This time course of intracellular acidification resembles the HBI IV-triggered depolarization-repolarization (see below) and would be expected if electrons originating from NAD(P)H or sulfhydryl compounds are transported out of the cell before the remaining protons. (Organic acids formed by oxidation of endogenous carbohydrates may also contribute to the measured pH distribution.) Intracellular acidification is likely to be one cause of the increased proton export via the PM proton pump.
Physiological consequence of stimulated proton export: increased amino acid uptake. If increased proton pumping gives rise to an increased pH gradient across the PM, ApHdependent transport steps might be stimulated by the redox process. The uptake of phenylalanine occurs as an H+ symport (22) . Its initial rate in the presence of 1 mmol of glucose per liter (152 pmollmin/mg of protein) increased during the reduction of added HBI IV to 191 pmol/min/mg of protein. In the presence of azide and DCCD (these agents lower the ATP level and H+ export but do not change HBI IV reduction [see Table 5 ]), the corresponding rates were 0.7 and 0.9 pmol/ min/mg of protein, respectively. This is another hint that HBI IV reduction alone does not generate an ATP-independent proticity.
Changes in the membrane potential of PM vesicles. If the reduction of the external electron acceptor is accompanied by the separation of charges at the plasmalemma, a depolarization of the membrane potential is expected. Several attempts to monitor AT at this membrane with potential sensitive fluoroprobes were unsuccessful with whole cells. However, the expected changes could be observed with PM vesicles prepared by phase partitioning (30) . These vesicles allow metabolismindependent determination of redox rates on line with a very reproducible fluorescence assay of At. The actual rate of HBI IV reduction by the purified vesicles was far higher than the contaminating redox activities of other cellular organelles ( For the monitoring of membrane potential, the zwitterionic styryl derivative Di-8-ANEPPS proved to be superior to the negatively charged oxonol V, whose external fraction was readily oxidized by HBI IV. (Oxonol probes respond to At by changing their distribution between the inner and outer medium, whereas the styryl dyes are retained in the outer leaflet of the membrane, where they show a very fast potentialdependent change in the intramolecular electron distribution, giving rise to a distinct fluorescence quenching [2, 18] .) The spectral characteristics of membrane-incorporated Di-8-ANEPPS depend strongly on the environment (11), i.e., the membrane-embedded portion displays a much shorter emission peak (566 nm) than the water-solubilized species (ca. 700 nm). Thus, in Fig. SA , the membrane insertion of Di-8-ANEPPS into PM vesicles is reflected by the increase in fluorescence at Xem = 566 nm. Addition of the external electron acceptor triggered a sudden decrease in fluorescence of the membrane-residing Di-8-ANEPPS (measured at 566 nm), which was then reversed, reaching the original level within 9 min (Fig. SB) . If this effect represents depolarization of the membrane potential, it must be counteracted by an artificially induced K+ efflux. Indeed, valinomycin not only prevented the HBI IV-triggered fluorescence decrease but also gave rise to a small membrane polarization (increase in fluorescence, Fig. SB ). The latter effect was more pronounced in vesicles loaded with additional KCI during preparation. The HBI IV-initiated decline in fluorescence is strongly enhanced by the PM ATPase inhibitor DCCD at a concentration which causes 90% inhibition of proton extrusion and has no effect on the redox process (see Table 5 ). Under these conditions, no significant recovery of fluorescence occurs within 15 min (Fig. 
SB).
It therefore seems justified to assume that the electron flow towards extracellular HBI IV depolarizes the PM, i.e., renders the cytoplasmic face more positive or the extracellular face more negative or both. Because of the known potential dependence of the PM H+-ATPase (29, 31) , this enzyme can be expected to react with increased proton pumping, leading to the observed restoration of the At. On the other hand, K+ efflux can likewise provide or contribute to the required charge balance. The detection of ATP in the vesicles (see above) and the right-side-out orientation indicated by the latency of ATPase activity (see Table 6 ) support the assumption that this membrane preparation is principally capable of active proton pumping. A direct proof of redox-associated acidification of the extravesicular medium has not yet been successful, as the vesicles tend to fuse and leak at the high densities which are required for this measurement, especially if >5 mmol of MgATP per liter is added.
DISCUSSION
Many of the findings for P. cyclopium are reminiscent of the well-known characteristics of PM redox systems of higher plant cells, i.e., the ability to transfer electrons from the cellular interior to extracellular artificial acceptors, the redox-triggered depolarization of the PM potential, and the acidification of the outer medium (6, 12, 17, 26, 31) .
The strong stimulation of the transmembrane electron transfer by external glucose appears to be a special feature of P. cyclopium. To our knowledge, no similar phenomenon has yet been reported for plant and fungal cells. In yeast suspensions, addition of glucose enhanced the reduction of ferricyanide but most probably because of the measured increase in the cellular content of NADH, which in this organism is thought to act as an electron donor for the transmembrane redox process (33, 34).
In our case, the immediate stimulatory effect of glucose is clearly different from its metabolic function as a source of NAD(P)H production; it functions independently of glucose uptake, as shown, and of any external glucose metabolism, e.g., by glucose oxidase. The present findings favor instead a trans-PM electron transfer process as the main source of "reductive power" observed at the cellular surface. In addition, a regulatory component at the surface of whole cells has to be assumed, which glucose acts on to increase the rate of external reduction, perhaps by release of inhibition; i.e., a mechanism for sensing the extracellular glucose concentration and controlling the rate of trans-PM electron flux so as to be maximal only in the presence of the preferred energy source. In such a case, not only the extracellular availability of reductive power but also-via the activation of the PM proton pump-the proton gradient across the PM would be maximized. In the absence of glucose, the expenditure of cellular redox equivalents would be prevented.
Other findings touch on problems of trans-PM redox systems which are also under debate for plant cells.
For instance, our data suggest that the assayed PM redox system stimulates proton extrusion via the PM H+-ATPase rather than by acting as a redox-driven proton pump. The main arguments-the inability of the redox process to overcome the dependence of proton extrusion on the PM H+-ATPase activity and cellular ATP content, and intracellular acidification prior to the main decrease in external pH-are in line with comparable findings for some higher plants (26, 31) . However, conflicting reports for other plants, e.g., an immediate alkalinization of the cytoplasm of root cells together with proton export in stoichiometric relation to the reduction of ferricyanide (6, 12) , do support the idea of a redox-driven proton pump in the PM (6) . For yeast cells, it has been suggested that no electrons but active hydrogen is released at the outer face of the PM redox system, as both ferricyanide reduction and generation of protons are strongly stimulated by preincubation with vitamin K3, a naphthoquinone which is thought to mediate the separation of electrons from protons (34) . It therefore seems justified to assume that different modes of coupling between trans-PM electron transfer and proton fluxes exist in different cell types. Another difference might concern the involvement of oxygen in the PM redox process; by contrast with our results, which argue for an oxygen-independent process, there are data for plant cells which suggest competition between oxygen and ferricyanide reduction and, with more efficiency, between the high-potential oxidant hexachloroiridate and oxygen (6, 7). As plant cells contain more than one PM redox system (6, 26) , it is tempting to speculate whether at least one of them is evolutionarily related to the fungal system described in the present paper. Finally, it must be realized that the reduction of HBI IV is not necessarily a natural function of the hyphal cell but an indicator of a trans-PM electron transfer system exposing an extracellular site with a redox potential below +0.815 V. Thus, various molecules which can penetrate the cell wall are principal candidates for "physiological" electron acceptors, including heavy metal salts. Therefore, a broad spectrum of possible physiological functions remains to be elucidated. As an example, the availability of cell surface redox potential has been proposed as a mechanism for the detoxification of the photosensitizer cercosporin by fungi of the genus Cercospora which produce this toxin (9) .
